many countries and constitutes a significant economic burden to the agricultural industries 57 (1, 2, 3) . Eradication of bTB is currently one of the biggest challenges facing the cattle 58 industry worldwide and despite intensive eradication efforts over decades, bTB continues to 59 be a problem with global perspective (4,5). Amongst the plethora of factors identified as 60 constraints to eradication are the limitations of existing diagnostic tests (6). Diagnosis of bTB 61 is time consuming, and is compounded in some cases by the presence of non-tuberculosis 62 mycobacteria (NTM) which represent a large and diverse population of mycobacteria which 63 may interfere with diagnosis (7). In addition, although M. bovis is the main aetiological agent 64 that causes tuberculosis in domesticated cattle and other wildlife and domesticated species, 65 a very closely related species, Mycobacterium caprae, also causes a significant proportion of 66 bTB cases in some European countries (8). Differentiation of NTM from organisms that 67 cause bTB is currently only possible by nucleic acid amplification methods, such as PCR 68
and spoligotyping, which are specific but are technically challenging and require 69 sophisticated instrumentation making them expensive. More rapid, specific and sensitive 70 detection and/or confirmatory methods for M. bovis that could potentially replace the 71 currently used non-specific ZN stain and the expensive molecular based techniques are 72 urgently required to expedite accurate diagnosis and reduce cost. 73
Mycobacterial culture is still regarded as the 'gold standard' technique for diagnosis 74 of bTB (9), despite the fact that it is slow and cultures are sometimes subject to overgrowth 75 by contaminants. Culture and identification techniques for M. bovis and M. caprae from 76 veterinary specimens are not globally standardised, so consequently a range of both liquid 77 and solid culture media are employed in veterinary diagnostic laboratories worldwide. The 78 time taken to isolate these species by culture can be up to 12-14 weeks, and subsequent 79 tests needed to confirm and speciate an isolate (Ziehl-Neelsen (ZN) staining and Gyeonggi-do, Republic of Korea; Capilia TB-Neo kit, TAUNS Laboratories, Inc., Shizuoka, 94 Japan).
The commercially available MPT 64-based antigen detecting 95 immunochromatographic tests have been shown to be highly reliable for rapid identification 96 of MTBC organisms and as such are considered good alternatives to biochemical and 97 molecular assays (12). However, none of these tests is able to distinguish M. bovis from 98 other MTBC species, so the recently developed novel antibody-based LFD test is unique in 99 this respect. In the human clinical TB laboratory setting, the commercially available LFD 100 tests (named above) are being used to differentiate MTBC species from NTM, in order to 101 confirm isolation of MTBC from sputum cultures. According to the MGIT™ Procedure 102 5
The objectives of the study were to: (i) evaluate the specificity of the novel LFD for M. bovis; 112 (ii) assess the performance of the novel LFD relative to current culture confirmation 113 approaches used in veterinary TB laboratories; (iii) evaluate the compatibility of the LFD with 114 three different liquid mycobacterial culture media (BD MGIT, BioMerieux BacT/ALERT, and 115
Trek Diagnostics VersaTREK Myco); and (iv) evaluate the performance of the novel LFD 116 EMBRAPA laboratory only solid cultures were available, some of which were freshly 239 prepared and others were described as 'old and difficult to emulsify'. LFD test results for all 240 pure liquid and solid cultures tested are summarised in Table 1 and Table 2, (Table 2 ). Some false negative or 'invalid' LFD results for 253 confirmed M. bovis strains (including M. bovis BCG) and M. caprae strains were 254 encountered, particularly with colonies from Coletsos (9/14 strains in DORDOGNE tested 255 LFD negative), LJ (4/9 and 5/10 strains in DORDOGNE and VISAVET, respectively, tested 256 LFD negative) and Stonebrinks slopes (8/60 strains at EMBRAPA tested LFD negative) 257 (Table 2) . from cattle and goat specimens, had not been detected by the novel LFD (Table 4) . values  30, which is consistent with the trend illustrated in Figure 1A . DORDOGNE was the 325 only participating laboratory using the BacT/Alert liquid culture system rather than the MGIT 326 culture system, and it was the only laboratory to report 'invalid' LFD results (i.e. no C line in 327 the presence or absence of a T line) when testing liquid cultures. As a consequence of this, 328 percentage agreement between LFD and qPCR positive results for liquid cultures of 329 veterinary specimens tested at DORDOGNE was lowest at 42.3% (Table 3) . Coletsos cultures and 4 of 9 LJ cultures yielded an 'invalid' result ( Table 5 ). The latter 348 resulted in only 11.1 and 55.6% of solid cultures being confirmed as M. bovis by the LFD in 349 the French context (Table 5) . Evaluation of the novel LFD test was carried out in multiple veterinary diagnostic laboratories 373 located in different geographic regions, processing specimens from a range of animal 374 species, and using differing bTB diagnostic algorithms,in the hope that the results of the 375 study would provide a wide-ranging assessment of its potential utility as a quick and easy 376 end point test to confirm isolation of M. bovis from animal specimens in the veterinary 377 diagnostic context. Veterinary diagnostic laboratories in different countries adopt differing 378 approaches for confirming isolation of MTBC after culture of animal specimens. The bTB 379 diagnostic algorithm adopted is dependent mostly on the current prevalence of tuberculosis 380 in the country, which dictates whether testing is being carried out for disease surveillance, 381 control or eradication purposes. For example, bTB is endemic in Northern Ireland (herd 382 prevalence 7.15% and animal incidence 0.66%, (20)) and England and Wales (herd (23)) are lower, but there is a recognised threat of reintroduction of the disease due to 390 wildlife 'spill-back' (24,25). In these contexts a more sensitive qPCR approach to confirming the isolation of M. bovis (or M. caprae since this species is also encountered) in liquid and 392 solid cultures has been adopted; ZN staining is not routinely employed and all isolates would 393 not necessarily be spoligotyped. Similarly, in Brazil, a recent epidemiological survey 394 indicated the prevalence of TB in infected cattle ranged from 0.035 to 1.3% in the 13 States 395 surveyed (26), so qPCR confirmation methods are adopted. (Tables 3 and 5) . 423
When testing colonies it may be that cells were not adequately disaggregated and so 424 clumped cells were too big to pass along the LFD to reach the T and C lines to generate a 425 positive result. An alternative explanation could be that too many cells passing along the 426 LFD may have quenched or prevented binding of cell/particle complexes at the T and/or C bovis colonies, however, they did not report any 'invalid' LFD results. It is clear that some 435 more optimisation of the LFD test procedure in relation to its application to confirm the 436 identity of suspect colonies from solid culture media and in liquid culture systems other than 437 BD MGIT 960 system would be needed. This would include optimising the density of a 438 colony suspension relative to the universally used McFarland scale before application to the 439
LFD. 440
The results of this study clearly show that the novel LFD performed better relative to 441 culture confirmation by spoligotyping than culture confirmation by qPCR. In the UK 442 laboratories (AFBI and APHA) percentage agreement between spoligotyping and LFD 443 results for liquid MGIT cultures was 97.7-100% (Table 3) . Therefore, the LFD could 444 potentially be used instead of ZN and spoligotyping for routine and rapid confirmation of M. 445 bovis isolation in cultures of veterinary specimens once growth is indicated by the MGIT 960 valuable epidemiological information (31-35), it is probably unlikely that the LFD test would 448 replace spoligotyping completely in these laboratories. Some extra M. bovis positive MGIT 449 cultures were indicated by LFD testing compared to ZN staining, so if the LFD were adopted 450 in the UK context this could potentially more efficiently direct spoligotyping efforts than ZN 451 staining of MGIT cultures currently does. In the Spanish context percentage agreement 452 between the spoligotyping and LFD results was lower at 76%. Results suggest that isolates 453 of certain spoligotypes of both M. bovis (SB0121, SB0134, SB0152, SB0295 and SB0339) 454 and M. caprae (SB0157, SB0415 and SB0416) were not being detected by the LFD ( Table  455 4). However, it should be noted that VISAVET/LRSA did not apply ZN staining prior to 456 spoligotyping of qPCR positive MGIT cultures; which may also have contributed to the lower 457 percentage agreement figure. 458
Various qPCR methods are routinely employed to confirm the isolation of MTBC 459 species in liquid or solid cultures from veterinary diagnostic specimens in the non-UK 460 laboratories (DORDOGNE, VISAVET/LRSA and EMBRAPA). It is evident from the results of 461 this study that the novel LFD is less sensitive than qPCR. This is not a surprising finding 462
given that the limit of detection of the LFD is 10 4 -10 5 M. bovis cells/ml of sample (10) and the 463 limit of detection of qPCR methods for MTBC is generally much lower than this (18); for 464 example, the limit of detection of the French IS6110 qPCR is 3 genomic units (Jean-Louis 465
Moyen, DORDOGNE, personal communication). Results presented in Figures 1 and 2  466 suggest that the limit of detection of the novel LFD is whatever number of M. bovis cells a C T 467 value in the mid to high 20s corresponds to. This number may differ depending on the qPCR 468 method employed, but is likely to be a reasonably high number of M. bovis, which would 469 concur with the limit of detection of the LFD previously determined using spiked faeces and 470 dilutions of M. bovis cultures at QUB (10). Unfortunately, information on what number of M. 471 bovis cells equates to a C T value in the mid-20s was not obtainable from any of the three 472 laboratories concerned; in these laboratories the qPCR methods were being used During this study, liquid and/or solid cultures of veterinary specimens from a variety 475 of animal species were tested in the participating laboratories. In the AFBI, APHA and 476 DORDOGNE laboratories, liquid cultures of principally cattle and some badger specimens 477 were tested by the novel LFD. In the EMBRAPA laboratory exclusively cattle cultures 478
isolated on solid media were tested. However, in the VISAVET and LRSA laboratories MGIT 479 liquid cultures tested were of cattle, goats, deer and wild boar specimens. The LFD seemed 480 to perform less well on cattle and goat liquid cultures in the Spanish context; several M. 481 bovis and M. caprae spoligotypes were seemingly not detectable by the LFD (Table 4 ). In 482
Spain around 7% of bTB cases in cattle are due to M. caprae (8), and TB cases in goats in 483 Spain can be caused by either M. bovis or M. caprae (36). It has previously been reported 484 that 62 different spoligotypes were identified amongst MTBC isolates collected from wild 485 ungulates and livestock in Spain (37). Given the diversity of MTBC spoligotypes that are 486 encountered in the Spanish veterinary diagnostic context, perhaps it is the case that certain 487 spoligotypes of M. bovis and M. caprae occurring in Spanish animals are not detectable by 488 the combination of antibodies (originally generated using M. bovis AF2122/97, a UK cattle 489 strain with spoligotype SB0140) employed on the LFD. This may also explain the negative 490 LFD results obtained for 5 (50%) of 10 pure cultures of M. caprae tested from solid medium 491 (Table 2 ) and 12 (24%) of 50 MGIT cultures of Spanish veterinary specimens with low qPCR 492 C T values that were confirmed to contain either M. bovis or M. caprae by spoligotyping 493 (Table 4) . 494
Commercially available antibody-based LFD tests, which target MPT64 or MPT70 495 secreted antigens, not whole cells, and detect MTBC species more generally have been . Lowenstein-Jensen (9) 
